Abstract. Research efforts have recently been made to simulate the performance of reinforced highperformance fiber-reinforced cement composites (HPFRCCs) at high levels of deformation. Although constitutive models for HPFRCCs have been developed, selecting appropriate mechanical properties of HPFRCCs in simulations remains a critical aspect to predicting component response in large-scale structures. Additionally, fiber orientation and specimen size are known to significantly impact the tensile and flexural response of HPFRCCs. This paper investigates the simulated performance of reinforced HPFRCC components using tensile properties obtained through various testing and casting methods which result in different fiber orientation. An emphasis is placed on predicting reinforced HPFRCC performance at high levels of deformation, and specifically reinforcement fracture, using total-strain based material models. Recommendations are made for selecting appropriate test-methods and casting-methods for characterization specimens that can improve simulated performance of reinforced HPFRCC components.
INTRODUCTION
High-performance fiber-reinforced cementitious composites (HPFRCCs) contain randomly oriented fibers which interact with a cementitious matrix to improve the tensile ductility of the system [1] . The mechanical properties of HPFRCCs, such high material toughness and damage tolerance, have led researchers to propose their use in structural systems [2, 3, 4] . By replacing concrete with an HPFRCC material, the strength, stiffness, and displacement capacity of reinforced concrete members has been observed to increase in a variety of flexureand shear-dominated experiments under various loading conditions [5, 6, 7, 8] .
Although reinforced HPFRCC components often exhibit higher strength and displacement capacity when compared to traditional concrete, research has shown that failure often occurs due to reinforcement fracture as opposed to crushing of the concrete material as is typical in reinforced concrete members [9] . A tensionstiffening effect causes deformation to localize at a single cross section once a dominant crack forms in a reinforced HPFRCC member [10] . Higher bond strengths have been observed in HPFRCC components, which limit the amount of splitting cracks that form, thereby preventing reinforcement from deforming over long debonded lengths as is observed in reinforce concrete members [11, 12] .
While experimental results have shown that reinforced HPFRCCs generally improve the strength, deformation capacity, and damage tolerance of reinforced concrete systems, numerical simulation tools are needed to predict the behavior of alternative structural designs with HPFRCCs and how future HPFRCC materials will perform in structural members. Most computational research to date has focused on constitutive model development and application [13, 14, 15, 16] , and the behavior at high deformation levels that can induce reinforcement fracture has not been thoroughly investigated. Additionally, the modeling implications of variations in observed mechanical properties from tensile specimens with different geometries [17, 18] is not under well understood.
In this paper, reinforced HPFRCC structural components are simulated and compared to experimental performance with a focus on HPFRCC mechanical properties. Numerical simulations are conducted to high deformations in order to predict deformation levels that cause reinforcement fracture. The influence of variations in mechanical properties obtained from prior research through testing specimens with various geometries [17, 18] is explored to show how HPFRCC mechanical properties impact simulated deformation capacity due to reinforcement fracture.
MODEL GEOMETRY AND MATE-RIAL BEHAVIOR 2.1 Finite Element Model
The geometry and boundary conditions used in the finite element model are based on experimental results from prior work by the author [9] , and are shown in Figure 1 . The model consists of a simply supported doubly reinforced flexural element loaded at midspan. Half of the member was modeled for computational efficiency. Eight-noded plane stress element were used to model the HPFRCC material, and twonoded truss element were used to model the longitudinal reinforcement. Four-noded interface elements were used to connect the HPFRCC and the reinforcement elements, and transverse reinforcement was modeled using embedded reinforcement elements. The following numerical integration schemes were used for the different element types: plane stress elements were integrated using a three by three Gauss integration scheme, truss elements were directly integrated, and interface elements were integrated using a two-point Newton-Coates integration scheme.
The plane stress elements were 10 mm x 10 mm in size with a thickness of 130 mm, while the interface elements and truss elements had a length of 10 mm. The model had a total longitudinal reinforcement area of 258 mm 2 and the total reinforcement perimeter was 80 mm. The perimeter was used for the interface elements in order to simulate bond-slip effects. The stirrups were modeled with a total area of 16 mm 2 . Compression springs with a stiffness of 1.0× 10 4 N/mm were used at the supports to replicate the experimental conditions, and elastic plates were used at the support and loading points. A Newton-Raphson equilibrium iteration process was used in the solution of the finite element simulations. Convergence was satisfied when the force, displacement, or energy criteria were met, which were set at 1%, 0.1%, and 0.01%, respectively.
Material Properties and Parameters
Steel reinforcement was modeled using a Von-Mises plasticity based material model. The longitudinal reinforcing steel included isotropic strain hardening based on experimental data [9] . The modulus of elasticity was 200 GPa with a yield stress of 455 MPa and an ultimate strength of 675 MPa at a strain of 18%. Fracture was assumed to occur at 20% strain, which is 2% strain beyond the strain at which the ultimate stress was reached. Transverse reinforcement was modeled with a Von-Mises material model, a modulus of elasticity of 205 GPa, and a yield stress of 690 MPa. Poisson's ratio was set at 0.3 for both longitudinal and transverse reinforcement. Bond-slip effects were included in the simulations based on previous bond research on HPFRCCs [12] .
The compressive response of the HPFRCC material was modeled using a parabolic curve based on compressive fracture energy [19] . The compressive fracture energy was 53 MPamm with a compressive strength of 47 MPa. Young's modulus and Poisson's ratio were as- sumed to be 16 GPa and 0.15, respectively.
A total-strain based crack model based on fracture energy was used to model the tensile behavior of the HPFRCC material [20] . The material model utilized a multi-linear curve to describe the tensile response of the HPFRCC, and the softening behavior was modeled based on fracture energy. Four tensile-stress strain diagrams were used in the simulations, and were based on experimental tensile response from specimens with four geometries [17, 18] . The tensile properties observed through these four experiments were obtained in an Engineered Cementitious Composite (ECC) mixture containing PVA fibers at the same fiber volume fraction as the reinforced beam experiments [9, 17, 18] , and are believed to represent the behavior of the larger reinforced HPFRCC member.
The tensile stress-strain information is described in Figure 2 and tensile parameters used and model names are reported in Table 1 . The tensile behavior of the HPFRCC is assumed to have three segments. The first segment is assumed to be elastic until the first cracking strength is reached at a stress of (ε 1 ,σ 1 ); the second segment has a linear branch until the point (ε 2 ,σ 2 ) is reached; in the third segment, crack localization occurs and the material is assumed to soften linearly based on the experimentally observed fracture energy (G f ).
The fracture energy values reported in Table 1 were calculated based on reported stressstrain properties and gage lengths used in experimental testing [17, 18] . Fracture energy was calculated by multiplying the experimental area under the softening branch of the stressstrain curve by the experimental gage length (h). The final strain value (ε 3 ) for the finite element model was then calculated to make the model mesh independent using Equation 1. In Equation 1, h is taken as square root of the area of an element, which in the case of this the 10 mm × 10 mm square element is equal to 10 mm.
The experimental stress-stain properties used to characterize the HPFRCC material represent a range of different tensile specimens including plates, dogbones and cylinders. The variations in observed tensile strength when softening begins (i.e., σ 2 ) range by a factor of approximately 2, while variations in strain when softening begins (i.e., ε 2 ) differ by a factor as great as 5. These variations are primarily due to fiber orientation, which can vary greatly based on the specimen geometry [18] . The finite element simulation results presented in the following sections show how these variations influence predicted component behavior and deformation capacity.
The simulation names presented in Table 1 refer to the tensile properties obtained from representative tensile experiments and include descriptions of the type of specimen, the stress when softening begins (i.e., σ 2 ), the strain when softening begins (i.e., ε 2 ), and the fracture energy (i.e., G f ). For example, the simulation named Plt-5.0-2.3-1.7 uses tensile properties obtained from a plate specimen where a tensile strength (σ 2 ) of 5.0 MPa was observed, a strain at softening (ε 2 ) of 2.3%, and a fracture energy (G f ) of 1.7 MPa-mm. 
SIMULATION RESULTS

Initial Load-Deformation Behavior
The initial load versus deformation behavior of the experimental and simulated responses are shown in Figure 3 where deformation is reported as the midspan vertical displacement divided by the shear-span length, which is 685 mm. The various influences of the selected tensile strength, strain capacity, and fracture energy parameters are shown in this plot of load versus deformation.
Model Plt-5.0-2.3-1.7 had the highest tensile strength and lowest fracture energy in the simulations conducted herein. This simulation reached a strength of 81 kN within the first 2.0% deformation level which was the highest reinforced component strength within the first 2.0% deformation because of its high tensile strength. The member experienced a sudden drop in loadcarrying capacity at 2.2% deformation because of its low fracture energy (1.7 MPa-mm) in comparison to the other simulations which had fracture energies between 2.3 MPa-mm and 2.4 MPa-mm.
Model Dgb-4.1-1.9-2.3 had a tensile strength of 4.1 MPa which was 0.9 MPa lower than Plt-5.0-2.3-1.7. As a result, this member reached a lower reinforced component strength of 76 kN within the first 2.0% level of deformation. In comparison to Plt-5.0-2.3-1.7, a higher deformation level was reached in Dgb-4.1-1.9-2.3 before a sudden drop in loading carrying capacity occurred at 2.8% deformation. The drop in load-carrying capacity occurred in Dgb-4.1-1.9-2.3 at a higher deformation level because it had a fracture energy of 2.3 MPa-mm in comparison to 1.7 MPa-mm in Model Plt-5.0-2.3-1.7. The higher level of fracture energy allowed the HPFRCC material in the reinforced component to carry tension to a higher level of component deformation before crack localization.
Model Plt-3.6-3.4-2.4 had the highest tensile strain capacity (3.4%) and fracture energy (2.4 MPa-mm), and a tensile strength of 3.6 MPa, which is lower than the tensile strength of the two previously described models. Since Plt-3.6-3.4-2.4 had the highest tensile strain capacity and fracture energy, it reached the highest level of deformation before a drop in load carrying capacity occurred at approximately 3.2% deformation. In terms of component strength, Plt-3.6-3.4-2.4 reached a strength of 78 kN within the first 2.0% deformation level, which is slightly higher than Dgb-4.1-1.9-2.3 (786 kN). The higher strength in Plt-3.6-3.4-2.4 is attributed to it's higher tensile strain capacity of 3.4% in comparison to 1.9% for Dgb-4.1-1.9-2.3.
In comparison to the three other models, Cyl-2.4-0.6-2.3 had the lowest component strength of 70 kN within the first 2.0% deformation, and also did not experience the same drop in load carrying capacity that was observed in the other simulations. There was not a drop in load carrying capacity because Cyl-2.4-0.6-2.3 had the lowest tensile strength and strain capacity. The low strength and strain capacity prevented the formation of a localized crack, and therefore, a drop in load carrying capacity upon exhaustion of the tensile strength at that crack as was observed in the other simulations. This behavior was most similar to the experimental result where a drop in load carrying capacity was not observed [9] in this initial load-deformation range. Figure 4 shows contours of principal tensile strains at deformations of 2%, 6% and 12% for each simulation. Locations of high principal tensile strains correspond to locations of dominant cracks. The full plots of load versus deformation are shown in Figure 5 .
HPFRCC Damage and Simulated Deformation Capacity
In simulation Plt-5.0-2.3-1.7, a dominant crack formed at approximately 2% deformation which corresponds to the drop in load carrying capacity at 2% deformation. A second dominant crack formed at 6% deformation which corresponds to the formation of a second drop in load carrying capacity.
In simulation Dgb-4.1-1.9-2.3 a dominant crack formed between 2 and 4% deformation as shown in the load-deformation diagram, and by strain contours in Figure 4 . The dominant crack formed at a higher deformation level because of the higher fracture energy of Dgb-4.1-1.9-2.3 in comparison to Plt-5.0-2.3-1.7. The response of Plt-3.6-3.4-2.4 was similar to that of Dgb-4.1-1.9-2.3 in that a dominant crack formed between 2% and 4% deformation due to the higher level of fracture energy as compared to Plt-5.0-2.3-1.7.
The contours of principal tensile strain in simulation Cyl-2.4-0.6-2.3 were the most unique in that three dominant cracks formed and there were multiple areas of tensile strain softening beginning at low deformation levels (i.e., less than 2%). This high level of cracking is attributed to the low tensile strength used in the simulation and the high fracture energy level. These two properties prevented the opening of a dominant crack, and instead, allowed deformation to spread out over a longer portion of the member.
Deformation levels causing simulated reinforcement fracture are shown in Table 2 . The various deformation levels reported for each simulation correspond to when the strain over the referenced gage length exceeds the fracture strain of 20%. The predicted deformation capacity from the simulations using tensile properties from plate specimens (Plt-5.0-2.3-1.7 and Plt-3.6-3.4-2.4) were lower than those from the dogbone and cylinder specimens. The combined effects of high tensile strength and strain capacity resulted in the formation of more localized HPFRCC damage once a dominant crack formed. Upon formation of a dominant crack, the deformation shifts from the combination of HPFRCC and reinforcement to only the reinforcement which eventually leads to fracture of the reinforcing bars.
Therefore, these results suggest there is a a trade-off between higher strengths at low levels of deformation, and reduced component level deformation capacity between different material properties. Lower tensile strengths and strain capacities will reduce the contribution of the HPFRCC to the component strength, but will prevent localized cracks from forming at a dominant crack location.
It is interesting to note that simulated deformation capacity due to reinforcement fracture increased when tensile properties were selected from tensile specimens of larger cross section geometry. For example, the tensile specimen associated with Cyl-2.4-0.6-2.3 had the highest cross sectional area, and the highest simulated deformation capacity, while the tensile specimen associated with Plt-5.0-2.3-1.7 had the lowest deformation capacity and the lowest cross sectional area. This is likely due to the fact that thinner cross sections can cause fiber orientation predominantly in the direction of loading, resulting in higher tensile properties than larger cross sections. As shown here, high tensile strengths and strain capacities may have an adverse effect on component performance because reinforcement strains concentrate a dominant crack upon formation. These findings, however, are limited to the reinforcement ratio and conditions shown herein. 
SUMMARY
Variations in tensile properties obtained from specimens of various sizes and geometries [17, 18] were studied by conducting numerical simulations on reinforced HPFRCC components. Computational simulation results were compared to experimental behavior of a reinforced HPFRCC component specimen tested to failure.
Results showed that when tensile properties from thin plate specimens were used to describe the HPFRCC tensile behavior, simulations overestimated component strength and underestimated deformation capacity. Tensile properties taken from larger specimens produced numerical simulation results that were more consistent with experimental performance in terms of deformation capacity and strength.
These results highlight the need for the development of a standard tensile test that can provide realistic tensile properties for simulation of reinforced components to high levels of deformation.
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